Copper oxide (cuprate) superconductors continue to be considered technologically attractive materials mainly due to their high transition temperature (high-Tc). The highest Tc is commonly achieved by doping charge carriers, either cation substitutions or oxygen variations, into the parent compound known as Mott insulator. [1, 2] Although high-Tc cuprate superconductors have been discovered for more than three decades, their applications are in a relatively stagnated state. One of the major reasons is that the optimal superconductivity and physical properties of cuprates are very sensitive to subtle changes of chemical composition,
Copper oxide (cuprate) superconductors continue to be considered technologically attractive materials mainly due to their high transition temperature (high-Tc). The highest Tc is commonly achieved by doping charge carriers, either cation substitutions or oxygen variations, into the parent compound known as Mott insulator. [1, 2] Although high-Tc cuprate superconductors have been discovered for more than three decades, their applications are in a relatively stagnated state. One of the major reasons is that the optimal superconductivity and physical properties of cuprates are very sensitive to subtle changes of chemical composition, which is hard to control during the synthesis procedures. [3, 4] At the early stage, much effort was made to optimize the superconducting properties via a trial-and-error method. [5, 6] Recently, a complex two-step annealing method has been proposed to tune the oxygen content and induce superconductivity in the insulating parent cuprates. [7] However, such annealing is performed at several hundred degrees Celsius, well above the bearable temperature of semiconductor devices, which limits the integration of superconductors with other materials.
Hence, exploring a low-temperature and cost-efficient method to manipulate the superconductivity will greatly help further promote the practical applications of high-Tc cuprates.
Recently, ionic liquid gating (ILG) technique has emerged as an attractive method to trigger phase transitions by tuning the charge carriers in a large scale of 10 14 -10 15 cm -2 due to the electrostatic field effect. [8] [9] [10] [11] [12] [13] For example, ILG can turn ZrNCl [14] or MoS2 [15] into superconductors, and activate the superconducting state in La2-xSrxCuO4. [16] Such process is reversible as the superconductivity vanishes after removing the gate voltage. Very recently, non-volatile superconductivity was induced in Fe-based compounds by protonation yet the origin of this superconductivity and the role of protons need to be clarified. [17] Besides field effect and protonation, ILG could also change oxygen content via electrochemical interactions and drive the sample into a new electronic phase. This happens, for example, in SrCoO2.5, [18] VO2, [19] and SrTiO3. [20] Nevertheless, it has never been reported that controlling oxygen content by ILG could turn an insulator into a superconductor. Therefore, it is tempting to manipulate the superconductivity of cuprates by modulating the oxygen content with ILG, which can be in-situ controlled and therefore save people from huge amounts of trial-anderror work.
For this purpose, a prototypical parent cuprate Pr2CuO4±δ (PCO) was chosen as our model system. The PCO consists of alternatively stacking of fluorite-like rare earth layers and square-planar CuO2 layers, which is the parent compound of electron-doped (Pr,Ce)2CuO4.
High-quality single-crystal PCO thin films were successfully prepared using the polymer assisted deposition method. [21] By carefully tuning oxygen content via annealing process, a superconducting dome can be obtained as seen in the blue region of Figure 1a . [22] Therefore, this system provides an ideal platform to study high-Tc superconductivity from these nonsuperconducting PCO thin films with the ILG method. We find that positive gate voltage (PGV) can drive the insulating PCO thin films into superconducting one, forming a dome-like superconducting phase in the temperature-voltage (T-V) phase diagram (SC I in Figure 1(a) ), mimicking the superconducting dome in phase diagram of T-Ce substitution. [3] Such superconducting state disappears as the PGV is withdrawn, consistent with the previous reports on La2-xCexCuO4 and Pr2-xCexCuO4. [23, 24] This phenomenon is commonly interpreted by electron injection into the sample through the PGV process (see Figure 1 carried out Hall resistivity measurements. As can be seen in Figure 2b , the Hall resistivity ρxy gradually increases with increasing PGV, similar to the effect of substituting Pr 3+ by Ce 4+ from under-doped regime to the optimally doping area. [25, 26] These suggest that this PGVinduced superconductivity (SC I) is caused by electron doping, which is further supported by the gating experiments on a pristine superconducting sample named as S2. As shown in Figure 2c , PGV can push the superconducting state of sample S2 into a metallic state, mimicking the superconductor-to-metal transition from optimally doped to heavily overdoped regime in Ce-doped materials. [1] In the negative bias gating process, as seen in Figure 2d , the resistance of sample S1 shows an indiscernible change in the voltage range from 0 to -3 V (i.e. resistance curves almost overlap) whereas a remarkable increase occurs at -4 V. Surprisingly, a superconducting state emerges after the gate voltage is turned off. Correspondingly, the Hall resistivity barely changes in the voltage range from 0 to -3 V but drops substantially at -4 V, as illustrated in Figure 2e . When the gate voltage is removed, there is an abrupt sign change of Hall resistivity from negative to positive (see Figure 2e) . A similar phenomenon has been observed in Pr2-xCexCuO4 with increasing the Ce-doped concentration from underdoped to overdoped. [25, 26] However, a simple scenario based on electrostatic carrier doping cannot account for the nature of non-volatile superconductivity because the cycle of 0 → -4 → 0 V is unlikely to cause electron doping effect. In other words, the superconducting phase SC II arises from a novel and peculiar effect, which is dramatically distinct from the PGV-induced volatile superconductivity in our experiment and non-volatile superconductivity caused by PGVdriven proton injection in Fe-based compounds [17] . In order to further verify that the SC II phase appearing after a cycle of NGV is indeed non-volatile, we did the measurements for another non-superconducting sample S3. As shown in Figure 2f , the first cycle of PGV to 2.5
V cannot drive the sample to a superconducting state. However, superconductivity emerges after the sample undergoes a NGV process at -4 V. A natural question one may ask is that what happens to the samples as the NGV reaches a threshold?
Previous studies demonstrate that NGV above a threshold could trigger an electrochemical reaction in some oxides, e.g. SrCoO2.5, [18] YBa2Cu3O7-x, [27] and La2CuO4. [28] That is, oxygen ions are introduced into the samples. In order to get an explicit picture of the non-volatile superconductivity we observed, in-situ XRD measurements were performed on an insulating PCO thin film at room temperature (see the Experimental Section for details). As shown in Figure 3 , the almost unchanged full width at half maxima (FWHM, see Figure 3b ) and angle ( Figure 3c ) of (006) Bragg peak suggest minute crystallographic or structure factor modification along the c-axis in ILG process. This also indicates that no extra oxygen ions are introduced to the apical site, otherwise the c-axis lattice constant should increase. [29, 30] Notably, the amplitude of (006) Bragg peak is significantly enhanced as the NGV is set up to -2.5 V, highlighted by the red lines in Figure 3a and red symbols in Figure 3d . Such enhancement is retained after the gate bias is switched off, implying irreversible modification of the XRD form factor. In other words, the atomic electron density distribution and crystal structure change within the building block CuO2 plane induced by negative voltage operation.
Here the room-temperature threshold bias voltage for NGV operation is about -2.5 V for the in-situ XRD measurements. Such threshold voltage for electrochemical interaction is strongly [31, 32] , which becomes -4 V at 250 K as mentioned above. Furthermore, the oxygen K-edge spectra of electron energy loss spectroscopy (EELS) from both NSC and SC samples are also presented in Figure 4f . It is clear that the superconducting sample has a much more pronounced leading edge peak structures in the EELS spectra, mainly related to the oxygen p-orbital hybridizing with the Cu d-orbital upper Hubbard branch from the CuO2 planes (Figure 4f ) [33] . Especially the major peak features around absorption threshold between 530 and 560 eV in the SC sample show clear spectroscopic distinction with respect to the NSC sample. To be more specific, the peak feature around 535 eV presents clear red shift to its counterpart in NSC spectra, and peak around 545 eV pops out more pronouncedly from spectral background in the superconducting sample. All these suggest clear electronic structure modification associated directly with oxygen ions in the CuO2 planes induced by the NGV process.
T-dependent
It is known that unavoidable water inside the ionic liquid can be decomposed into negatively charged O 2− and positively charged H + through electrolysis if sufficiently high gate voltage is applied. [18] Under NGV, anions accumulate on the surface of the sample. Since the oxygen vacancies in CuO2 planes actually act as positively charged centers, they will attract negatively charged oxygen ions O 2-once the electrostatic potential can overcome the crystal lattice energy. Therefore, it is reasonable to speculate that the -4 V bias plays a role in repairing the oxygen vacancies electrochemically within the CuO2 planes, and consequently alters some local electron density distribution, which is consistent with the variation of peak amplitude in the in-situ XRD measurements.
Finally, we discuss possible mechanisms for the non-volatile superconductivity.
Considerable oxygen vacancies in CuO2 planes act as potential barriers, breaking Cooper pairs and preventing the pristine samples from showing superconductivity. [34] It is known that there exists a charge transfer gap between the upper Hubbard band (Cu dx 2 -y 2 orbit) and the O 2p band in cuprates. [35] The charge transfer gap can be smeared out by chemical doping [36] or field effect doping [37] , due to the enhanced Coulomb screening effect and weakened on-site Coulomb repulsion. [38] It should be pointed out that the non-superconducting PCO samples surface, resulting in a remarkable hole doping effect at the surface and thereby allowing the emergence of superconductivity. This scenario is more charming since hole-doped superconductor is achieved from the prototype of electron-doped cuprate superconductor. [39] In any case, the repair of CuO2 plane is the key to realize non-volatile superconductivity.
In summary, we find that two different states of superconductivity can be effectively 
